Face cognition, the ability to perceive faces and interpret facial information, is a crucial skill in human social interactions. At the neurobiological level, several functionally specialized brain regions constitute a network of face processing. However, the evidence whether functional specialization within the face network is also reflected in the white matter structural connectivity patterns is yet limited. Based on imaging data from 1051 young healthy adult women and men, we investigated individual differences in the integrity of fibre tracts connecting face-processing regions relative to brain-general tract integrity. We analyzed individual tract-averaged fractional anisotropy (FA) values with structural equation modeling (SEM). Our results show that beyond the variance explained by a general factor indicating the quality of global tracts, the specificity of white matter integrity within the face network can be accounted for by additional factors. These factors correspond to the core and extended networks suggested in classic neuro-functional models of face processing. The right-hemisphere dominance, as commonly found in face cognition studies, is also reflected in this factorial structure. Overall, our results extend the structural brain substrate of the classic functional face processing system to the network of fibre tracts connecting these brain areas, and shed light on a structure-function correspondence from the perspective of individual differences.
Introduction
Face cognition is a crucial and complex human ability serving social communication. Converging with experimental and patient clinical studies, latent variable models representing individual differences in face cognition and memory provide strong evidence for face specificity above general cognitive functioning (Hildebrandt et al., 2010 (Hildebrandt et al., , 2012 2015; Wilhelm et al., 2010; Cepuli c et al., 2018; Meyer et al., 2019a) . Neuroimaging research suggests multiple brain regions to be involved in instantiating face processing as a network, which is distinguishable from brain networks processing other stimulus categories (Haxby et al., 2000; Gobbini and Haxby, 2007; Tavor et al., 2014; Gomez et al., 2015; Wang et al., 2016) . It has been suggested that the face processing network is hierarchically organized into subsystems, differentiated by their involvement in processing various aspects of information provided by faces (Haxby et al., 2000; Gobbini and Haxby, 2007) . The core system of the face network, including the fusiform face area (FFA) (Sergent et al., 1992; Kanwisher et al., 1997) , the occipital face area (OFA) (Puce et al., 1995; Gauthier et al., 2000) and the posterior superior temporal sulcus (pSTS) (Puce et al., 1998) , are responsible for encoding the invariant and dynamic visual appearances of faces. The extended system, including less face-specific areas such as the anterior temporal lobe (ATL) and the intraparietal sulcus (IPS), copes with higher-order information accessed via the face, for example, person knowledge, emotions, or attention (Silver et al., 2005; Kriegeskorte et al., 2007; Hutchinson et al., 2012) .
Research on brain mechanisms of face processing has overwhelmingly focused on gray matter functions and structures, and has largely neglected white matter tracts connecting cerebral regions . One line of the limited white matter studies related with face processing addressed the role of major global fibre tracts, for example, the inferior longitudinal fasciculus (ILF) and the inferior fronto-occipital fasciculus (IFOF) (Catani et al., 2003; Thomas et al., 2009; Rokem et al., 2017) . A second line of work identified white matter fibres connecting functionally defined face areas (Gschwind et al., 2012; Pyles et al., 2013; Gomez et al., 2015) , revealing strong connection between the FFA and OFA but very weak connection between these areas and the pSTS.
Despite these results, the structural connectivity of the face network is incompletely understood. First, previous studies did not distinguish between core and extended face processing systems; fibres in different locations were conflated and regional structural specificity has not been established. Second, there is very little information about individual differences. The only exception to our knowledge, is a report by Marstaller and colleagues (Marstaller et al., 2016) that the speed at which participants distinguished angry and fearful facial expressions was positively associated with fibre integrity in the ILF. However, no attempt was made to differentiate the structural properties of local functional fibres from major tracts in the whole brain. Third, small sample sizes in previous studies limit their statistical power to address complex questions concerning individual differences.
Our objective is to investigate whether white matter integrity reveals specific structural features of the face processing network across individuals above the general fibre quality of the whole brain. In a large sample of young adults, we traced global major fibre bundles and functionally defined fibres in the face network, and performed structural equation modeling (SEM) on individual differences of fibre integrity. Our first hypothesis was that the integrity of face-related fibres would show unique variance and could be explained only partially by a general white matter integrity factor. Second, we expected a dissociation of fibres related with the core and extended face processing systems as suggested, e.g., by Haxby et al. (2000) . According to their model these systems are related to the visual analysis of faces and the linking with other cognitive functions, respectively. Finally, we explored hemispheric asymmetries, expecting a right hemisphere dominance in structural face network specificity as reported in functional face studies (Rossion et al., 2003; Passarotti et al., 2007) .
Materials and methods

Participants
Data for the current study were taken from the WU-Minn Human Connectome Project (HCP) Young Adult database (www.humanconnecto me.org/study/hcp-young-adult) publicly available for scientific research (Van Essen et al., 2012 , 2013 . Diffusion MRI data together with structural images were sampled from 1066 young adults, of whom 1052 had also performed a working memory task with faces during an fMRI session. Because one participant had to be removed due to incomplete data, the final sample included N ¼ 1051 participants (567 females, age range 22-35 years). Informed consent had been signed by each participant, and the study had been approved by the local Institutional Review Board at Washington University in St. Louis.
MRI scanning and preprocessing
We used the minimally pre-processed structural, functional and diffusion MRI data as well as the more extensively processed ("analysis") functional statistical results provided in the HCP database . Procedures and parameters of MR imaging acquisition are described in detail in the HCP user manual and relevant publications (Feinberg et al., 2010; Moeller et al., 2010; Van Essen et al., 2012 , 2013 .
In brief, all HCP participants completed a two-day measurement routine of MRI data collection with a customized 3T Siemens scanner at Washington University. The structural data, including T1-weighted (T1w) and T2-weighted (T2w) images were obtained with a 0.7 mm isotropic resolution (Milchenko and Marcus, 2013) . The diffusion image scanning at a spatial resolution of 1.25 mm contained 3 shells (b ¼ 1000, 2000, 3000 s=mm 2 ) equally allocated in 270 directions together with six b ¼ 0 samplings in each shell . The functional images used for the present analyses were collected during a working memory task included in a battery of seven task-related functional MRI (tfMRI) measurements . The data were sampled at 2 mm isotropic resolution with a multiband factor of 8 (TR ¼ 720 ms, 1200 points per run) (U gurbil et al., 2013) . Detailed descriptions of these tasks are provided by Barch et al. (2013) .
On all HCP raw imaging data collected in different modalities, a specially developed minimal preprocessing pipeline was applied. This pipeline is provided to users of the HCP data . The procedure covers a sequence of steps including artifact removal, cortical surface generation, cross-modal registration, standard space alignment, etc. The preprocessed HCP data were constrained to a standard "grayordinate" system in the "Connectivity Informatics Technology Initiative (CIFTI)" format where the cerebral gray matter data were modeled onto cortical surfaces in both hemispheres and the subcortical parts were kept as spatial voxels in 2 mm standard space.
The files for probabilistic tractography in diffusion analysis were obtained with the "BEDPOSTX" (Bayesian Estimation of Diffusion Parameters Obtained using Sampling Techniques, and X refers to modeling crossing fibres) pipeline, which models diffusion parameters in each voxel with Markov Chain Monte Carlo sampling (Behrens et al., 2003 (Behrens et al., , 2007 . The outcome files of the bedpostX processing are provided by HCP.
Functional localization of the face network
In order to functionally localize the face-responsive areas of each individual participant, the HCP working memory task with facial stimuli was used. In this task, four categories of stimuli (faces, places, tools and body parts) were separately shown in different blocks . In total, the tasks consisted of two runs of eight blocks each. In each run, half of the blocks administered a 2-back memory task (deciding whether the current stimulus is the same as the one two steps ago); the other half applied a 0-back task (deciding whether the current stimulus is the same as a well memorized target shown at the beginning of each block). Before each block, a cue indicating the task was shown for 2.5 s. Each run consisted of 8 task blocks and four fixation blocks (15 s each). Every task block included 10 trials of 2.5 s each. Within each trial, a stimulus was presented for 2 s, followed by a short inter-task interval (ITI) of 500 ms.
Diffusion data processing
After image intensity normalization, correction of artefacts and space registration in the diffusion preprocessing pipeline , the dMRI data were further processed based on the FMRIB Software Library (FSL version 5.0.9; fsl.fmrib.ox.ac.uk/) (Smith et al., 2004; Woolrich et al., 2009; Jenkinson et al., 2012) . We started with brain skull stripping, using masks provided by the HCP preprocessing results. Fractional anisotropy (FA) values of each voxel were computed in FMRIB's Diffusion Toolbox (FDT), the software tool implemented in FSL (Behrens et al., 2003) . The b0 image of each individual was linearly co-registered to the T1w structural space (Jenkinson and Smith, 2001; Jenkinson et al., 2002) . The T1w images were then registered to the standard Montreal Neurological Institute (MNI) space with a nonlinear transformation. Two inverse transformations were also conducted from standard to T1w space and from T1w to diffusion space, respectively; hence, intermediate files could be produced for further ROI transformation across different spaces.
Functional data processing
After applying the functional preprocessing pipelines, the voxel-level time series of refined tfMRI data were segmented into the CIFTI grayordinates standard space with 2 mm smoothing Glasser et al., 2013) . For each participant, a series of statistical contrast maps were computed by comparing pair-wise task-related brain activations in the functional images. To localize the face-responsive areas, we chose the contrast map of face versus average based on the face working memory task data provided by the HCP database (Meyer et al., 2019b) , which compared functional activation by faces with the average of other types of stimuli including tools, places, body parts . The regions of interest (ROIs) were the FFA, OFA and pSTS ascribed to the core face processing system, and the anterior temporal lobe (ATL), intraparietal sulcus (IPS) considered to be part of the extended face processing system (Haxby et al., 2000; Engell and Haxby, 2007; Grill--Spector et al., 2017) . Additionally, the early visual retinotopic regions (V1-V2) play an important role in the basic reception and transformation of visual images in general (Hegd e and Van Essen, 2000; Lindeberg, 2013) and in providing crucial input into the face processing areas (Lohse et al., 2016) . Therefore, we considered the V1-V2 ROI as part of the core face processing system and used the same approach to localize its face-selective region as applied to localize other functional ROIs. In this way we could ensure consistency among localizing all ROIs. This approach was also applied in previous studies of the face-processing network (Gschwind et al., 2012; Grill-Spector et al., 2017) .
Since these functional ROIs are anatomically located in certain brain regions, we first used the HCP's cortical multimodal parcellation atlas (HCP_MMP1.0) (Glasser et al., 2016) to set boundaries of their positions in both hemispheres. Detailed information on each ROI's composition is listed in Table 1 . In both hemispheres, related sections were combined and binarized into anatomical masks for each face-selective ROI on the cortical surface of the grayordinate system.
Next, individuals' face versus average contrast statistical map, provided by the HCP in the standard space, was masked sectionally to extract anatomical regions corresponding to face-related functional ROIs. Within each extracted region the maximal values were then detected, indicating the point activated strongest (peak vertex) by face stimuli. Using the peak vertices as centers, new surface ROIs were drawn with geodesic radii of 10 mm and defined as face-selective functional ROIs. The tfMRI data processing described above was carried out with the Connectome Workbench (https://www.humanconnectome.org/software/connect ome-workbench; Glasser et al., 2013; Marcus et al., 2013) . The whole procedure is illustrated by Fig. 1 .
Functionally-defined white matter tracing
All face-related surface ROIs defined in the standard grayordinate space were registered back to the individual cortical surfaces in diffusion space using the Connectome Workbench and FSL, based on the multimodal surface matching (MSM) registration where alignment can be done using a standard mesh . The GIFTI format surface ROIs were then converted to an ASCII format, which can be used for fibre tracing in the FSL software. Probabilistic tractography was performed between every pair of ROIs within hemispheres based on FMRIB's Diffusion Toolbox (FDT) in the FSL software (Behrens et al., 2003 (Behrens et al., , 2007 . One ROI of a pair was first used as the seed area and the other ROI (in both the same and the other hemisphere) was used as target, and vice versa. From each vertex of the seed ROI, 5000 streamlines were sent out, with a step length of 0.5 mm. The number of steps was 2000, and the curvature threshold was 0.2. The propagation would stop when meeting voxels with FA values < 0.1. The pial surfacethe boundary between gray matter and cerebrospinal fluidwas set as termination mask at both hemispheres.
The property of fibre tracts linking face ROIs within each hemisphere was investigated by examining their white matter integrity in each individual. We computed voxel-level fractional anisotropy (FA), a widely used normalized parameter (range: 0 to 1) with larger FA values indicating higher white matter integrity (Madden et al., 2009; Penke et al., 2012) . The fibres between pairs of ROIs were traced in both directions, binarized and multiplied. The overlapping parts of fibres in opposite directions were considered to represent the fibres linking the ROIs (Yuan et al., 2017) . This criterion was used because it has the advantage of removing outskirts of fibres in probabilistic tractography while keeping noiseless sections. Since the connective probability differed strongly in orders of magnitude across face fibres, the overlapping tracing strategy implies a good balance between removing noise for stronger connections and keeping information for weaker connections. Within each overlapping fibre, FA values were averaged among voxels to indicate the integrity of the whole white matter bundle. Tract-averaged FA values for each type of fibre connecting face areas were calculated separately at left and right hemispheres and with bi-lateral intra-hemispheric tracts in the face network merged together, used for different statistical models. For participants without demonstrable link according to this procedure, the FA value for the corresponding fibre was set to zero.
Apart from the tract-averaged FA values in the face network, we also computed the connective probabilities between pair-wise ROIs to determine the selection of targeted fibres for statistical modeling. The directional connective probability from a seed ROI to a target ROI was defined as the number of streamlines reaching the target ROI divided by the total number of streamlines (5000 multiplied by the number of voxels in the seed ROI) initiated from the seed ROI (Behrens et al., 2007) . For the targeted face network with six ROIs per hemisphere the non-directional connective probability between two regions was calculated as the averaged value of two directional probabilities (Cao et al., 2013; Huang et al., 2015) . Higher probability indicates stronger structural connectivity between ROIs.
Global major white matter tractography
To investigate the relationship between local face-specific and global brain-wide white matter integrity, a total of ten major white matter tracts were traced for each participant (Hua et al., 2008; Kievit et al., 2016) . The selected tracts were the cingulum in the cingulate gyrus part (CGC), the cingulum in the hippocampal part (CGH), the corticospinal tract (CST), the anterior thalamic radiation (ATR), the superior longitudinal fasciculus (SLF), the inferior longitudinal fasciculus (ILF), the inferior fronto-occipital fasciculus (IFO), the uncinate fasciculus (UNC), the Note. FFAfusiform face area; OFAoccipital face area; pSTSposterior superior temporal sulcus; ATLanterior temporal lobe; IPSintraparietal sulcus; V1-V2early visual retinotopic regions; FFCfusiform face complex; VVCventral visual complex; PITposterior inferotemporal lobe; LO2 -lateral occipital area 2; V4tarea V4t; TPOJ1temporo-parieto-occipital junction area 1; TPOJ2temporo-parieto-occipital junction area 2; PHT -PHT area, part of middle temporal gyrus; STGa -STGa area, anterior to Heschl's gyrus; TGd -TG dorsal area, part of the temporal polar cortex; TGv -TG ventral area, part of the temporal polar cortex; TE1a -TE1 anterior area; TE2a -TE2 anterior area; STSda -STSd anterior area; STSva -STSv anterior area; PeEcperirhinal ectorhinal cortex; ECectorhinal cortex; IPS1intra-parietal sulcus area 1; IP0intraparietal area 0; IP1intra parietal area 1; IP2 -intra-parietal area 2; LIPdlateral intraparietal dorsal area; MIPmedial intra parietal area; AIPanterior intraparietal area; V1primary visual cortex; V2secondary visual area. For detailed information please see Glasser et al. (2016) .
occipital projection of the corpus callosum (forceps major, Fmajor), and the frontal projection of the corpus callosum (forceps minor, Fminor).
The first eight of these tracts are formed by symmetric pairs of white matter bundles in both hemispheres, and the last two tracts consist of fibres crossing the midline and connecting approximately homologous regions in the left and right hemisphere. All ten major fibre bundles were traced with the probabilistic tractography approach in the FSL software, following a standard 2-ROI procedure (Wakana et al., 2004 (Wakana et al., , 2007 and also referring to the Johns Hopkins University white matter tractography atlas (Hua et al., 2008) . In the standard MNI space, for each fibre two ROI slices were manually drawn at specific anatomical locations as the seed and target regions, respectively (Wakana et al., 2007) . These ROIs were then converted back to the individual diffusion space through intermediate files produced in prior diffusion image processing. Bi-directional probabilistic tractography was carried out with each ROI used as seed and target regions in turn. The parameter settings for the global fibre tracing were the same as those used for tracing the face network, including the termination masks. The resulting streamlines were added and sampled with a threshold of >5% from 5000 streamlines per voxel, that is, 250 streamlines per voxel. This threshold setting aimed at keeping the core parts of main bundles for tract-averaged FA calculation. This was different from the overlapping criterion used in face fibres because the ROIs used to localize major fibres are mid-way regions where the streamlines passing through with further extension. In the face network, however, connections existed only between the surface ROIs without further spreading. Besides, unlike face fibres, the streamlines which represent anatomically existing large major fibres do not largely differ in orders of magnitude, and therefore can be used with a unitary thresholding to remove noise. The thresholded fibres were then binarized in their occupying voxels and multiplied with individuals' FA images to obtain the FA value in each voxel of the major fibre. Mean FA values were calculated for each pair of bilateral global fibres.
Statistical modeling
Structural equation modeling (SEM; Loehlin, 1998 ) was used to study individual differences of fibre tract integrity in the face network and in global fibres. First, average FA values of multiple global and regional white matter tracts were all loaded onto a latent general FA factor to assess how well individual differences in fibre integrity in the face network are accounted for by global fibre integrity. Second, additional FA factors for face fibres were added to the model in order to test the specificity of structural connectivity related to face processing as compared with global structural properties of the brain. The specificity test was carried out by modeling both bilateral FA averaged across hemispheres and separate FAs for each hemisphere, in order to study general organization and hemispheric specificity, respectively. For the sake of factor identification, the variances of all latent variables were fixed to one and their means to zero, resulting in standardized latent variables. Model fit was assessed by the χ 2 -goodness of fit test, the comparative fit index (CFI), the root mean square error of approximation (RMSEA) and the standardized root mean-square residual (SRMR) (Bollen and Long, 1993) . As indication of good model fit, the CFI value should be larger than 0.95, and the values for both SRMR and RMSEA should be smaller than 0.08 (Hu and Bentler, 1999) . All the above statistical analyses were performed by using the lavaan package (Rosseel, 2012) in the R software (R Core Team, 2016) .
With the comprehensive data collection provided by the HCP dataset, analyses were performed to test possible influences from demographic factors including age, gender and family relationships (Meyer et al., 2019b) . This was done in the Mplus software (Muth en and Muth en, 2019), which allows to control for standard error bias due to dependency of observations (family relations). For the sex differences analyses, males (1) Anatomical masks were first extracted from the MMP atlas for each of the six ROIs, i.e. FFA, OFA, pSTS, ATL, IPS and V1V2. (2) The masks were multiplied with the face versus average fMRI contrast map to acquire the activated pattern by face stimuli within each anatomical region.
(3) The peak vertex was localized in each contrast area and functional ROIs were drawn. (4) For fibre tracing, surface ROIs were transformed from standard space to individual space for a volume-based tractography. FFAfusiform face area; OFAoccipital face area; pSTSposterior superior temporal sulcus; ATLanterior temporal lobe; V1-V2early visual retinotopic regions.
were coded with 0 and females with 1.
All the analyzed FA data used for modeling can be obtained upon request from the authors.
Results
Selection of targeted fibres in the face network
Targeted fibres for statistical modeling were selected among all ROIwise structural white matter links in the face network. Since bidirectionally overlapped fibres used for calculating mean FA may not exist in some participants, a threshold was set requiring face fibres to show >90% probability of existence (i.e., the detection of overlapped bidirectional fibres) across all participants as the most robust candidates accepted as our interest. Specifically, these criteria were fulfilled for the connections: FFA-OFA, OFA-V1V2, FFA-ATL, V1V2-ATL, OFA-ATL, pSTS-ATL and FFA-V1V2, as illustrated in Fig. 2 . Interestingly, all of these seven fibres were also among the top seven rankings in structural connective probability at group level, as marked in Fig. 2 . Face fibres linking with the pSTS region were comparatively weak among all connections in the face network with 70%-80% probability of existence. But due to its special status in face cognition, we included FFA-pSTS, OFA-pSTS and V1V2-pSTS into our main model with stronger connections as an add-on analysis.
Global and regional white matter tracts
As described in the method section, we conducted probabilistic tracking for ten major fibre bundles of the brain at the individual level. White matter tractography was also carried out between functionally responsive ROIs in the local face network in each hemisphere. As mentioned above, this local tracing was performed for seven face fibres, which showed relatively strong connections and widespread presence across participants. To assess how differences in fibre integrity across individuals are structurally organized, averaged FA values were sequentially computed for the global white matter bundles and the fibre tracts in the face network for every participant. gFA, general white matter integrity; faceFA, white matter integrity in the face processing network; corefaceFA, white matter integrity of fibres connecting core face ROIs; extendedfaceFA, white matter integrity of fibres linking ROIs between core and extended face ROIs (here, ATL). In Model 4, these face factors are differentiated for the left (L) and right (R) hemisphere. Global fibres: ATR, anterior thalamic radiation; CGC, cingulate gyrus part; CGH, cingulum in the hippocampal part; CST, corticospinal tract; Fma, occipital projection of the corpus callosum, forceps major; Fmi, frontal projection of the corpus callosum, forceps minor; IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; UNC, uncinate fasciculus.
Measurement models explaining individual differences in fibre integrity
In order to assess whether individual differences in the properties of fibre tracts in the face processing network can be exhaustively accounted for by a general white matter integrity factor, the observed FA values from all ten global and seven face network fibres were regressed onto a single general FA factor (gFA ; Model 1, Fig. 4A ). The residuals of several major fibres at the frontal region were correlated because of some inevitable overlap of fibre structures, which is probably due to both the probabilistic tractography method and some real overlap. Nevertheless, these co-variances were not considered to influence the structural specificity in local face fibres. The fit of Model 1 was not satisfactory:
indicating that one factor cannot exhaustively explain all individual differences in fibre properties of both local and global functional networks. Factor loadings of the FA indicators belonging to the face network were systematically lower as compared with the loadings of the global fibres onto gFA (see Fig. 4A ). This pattern of loadings suggests that a nested face-specific factor may uniquely contribute to individual differences in the FA measures.
Thus, in Model 2 (Fig. 4B ), we added a nested latent factor (faceFA) accounting for individual differences in white matter integrity in the face network above the general factor. Model 2 was a better fit to the data as compared with Model 1: χ 2 ð108Þ ¼ 550.75, p ¼ .000, CFI ¼ 0.95, RMSEA ¼ 0.06, SRMR ¼ 0.03, and the improvement of fit between the two models was statistically significant: Δχ 2 ðΔdf ¼ 7Þ ¼ 448:56; p ¼ .000. All factor loadings on gFA were significant. Estimated standardized loadings of global fibres ranged between 0.50 and 0.94, whereas the coefficients of face network-related variables were between 0.14 and 0.44. Thus, the general white matter integrity factor does not only account for the quality of major global fibre tracts, but partially explains also the quality of local fibres within the face network. However, in line with our expectations, the loadings of the face-related fibres on gFA were not as strong as those of global fibres. Besides, the loading pattern on the faceFA factor was heterogeneous (see Fig. 4B ), indicating that one face factor cannot exhaustively explain face network connection quality above the whole brain connections. Parameter estimates showed that the indicators of structural connections between FFA and OFA, OFA and V1V2, as well as FFA and V1V2 -fibres belonging to the core face processing networkwere not explained by the faceFA factor, which was predictive for individual differences in the FFA-ATL, OFA-ATL, pSTS-ATL and V1V2-ATL connections.
Thus, in accordance with our hypotheses, Model 3 ( Fig. 4C) extended Model 2 by further differentiating the faceFA factor into two factors, representing the core versus the extended face processing systems. The first face factor, named corefaceFA, was indicated by the three face fibres (connections between FFA, OFA, and V1V2) that were not well explained in Model 2. The second face factor, named extendedfaceFA, was extracted to explain individual differences in structural connectivity including the remaining white matter tracts of the face network, that is, connections of the ATL with FFA, OFA, V1V2 and pSTS, representing part of the extended functional face processing network. The fit of Model 3 was very good: In order to test the robustness of the factorial structure in Model 3, we first controlled for demographic variables (i.e., age, sex and family relationship). Adding these variables to the model did not change the factor loadings and correlation structure reported in Model 3. There was no age effect on the three FA factors, namely gFA (r ¼ À0.06, p ¼ .09), corefaceFA (r ¼ -0.002, p ¼ .97) and extendedfaceFA (r ¼ 0.05, p ¼ .26). Statistically significant sex effects were found on gFA (r ¼ 0.24, p ¼ .00) and corefaceFA (r ¼ À0.31, p ¼ .00), but not extendedfaceFA (r ¼ 0.00, p ¼ .93).
Furthermore, to estimate the potential specificity of global fibres nearby the face network, we added the ILF, IFO and SLF as indicators to the extendedfaceFA factor. We did so due to their very close locations to the face fibres, especially to the ones linking with the anterior temporal lobe as can be seen in Fig. 3 . The model fit was good: χ 2 ð105Þ ¼ 494.46, p ¼ .000, CFI ¼ 0.96, RMSEA ¼ 0.06, SRMR ¼ 0.03. But results showed that the integrity of global fibres could not be explained by the face factor in any substantial way, with ILF λ ¼ 0.039 (p ¼ .036), IFO λ ¼ 0.023 (p ¼ .246), and SLF λ ¼ 0.013 (p ¼ .534). We also considered fibre size to be a potential source of factorial specificity. Therefore, we selected the ATR, ILF and SLF as large size fibres, the IFO, CGC and CST as middle size fibres, and the remaining four fibres as small size group. The model with this structure resulted in no meaningful factorial solution, leading to nonconvergence.
Finally, we tested whether residual covariances occur for major fibres (i.e. ILF and IFO) that possibly overlap face fibres (i.e. OFA-FFA, FFA-ATL, OFA-ATL). The correlations were generally very small, i.e., the ILF with FFA-OFA r ¼ .041 (p ¼ .34), with FFA-ATL r ¼ À0.11 (p ¼ .03), with OFA-ATL r ¼ 0.13 (p ¼ .07); the IFO with FFA-OFA r ¼ À0.23 (p ¼ .00), with FFA-ATL r ¼ 0.01 (p ¼ .89), with OFA-ATL r ¼ 0.09 (p ¼ .20) . Although there was a slight, significant improvement in terms of model fit (Δχ 2 ðΔdf ¼ 6Þ ¼ 60:12; p ¼ .000), the model fit was already good before adding the residual correlations between overlapping global and face fibres. Therefore, due to the negligible magnitude of the residual correlations above we did not include these error term correlations in the final model.
For estimating Models 1 to 3, homologous fibres in the left and right hemisphere had been averaged for FA calculation. However, in line with reports on right-hemisphere dominance in face processing, we expected a hemisphere-specific differentiation of individual differences in structural connectivity. Therefore, we estimated a fourth measurement model (Fig. 4D) , accounting for hemisphere-differences of the face factors. Hence, latent variables were separately estimated for the left and right hemisphere. In Model 4, separate face FA factors were estimated for each hemisphere. The model fit was good: χ 2 ð230Þ ¼ 612.72, p ¼ .000, CFI ¼ 0.96, RMSEA ¼ 0.04, SRMR ¼ 0.03. All standardized factor loadings on the four face-related FA factors (see Fig. 4D ) were significant. In the left hemisphere, the loadings on the core and extended FA factors were, respectively, 0.46, 0.13, 0.31, and 0.66, 0.61, 0.21, 0.37. In the right hemisphere, the loadings on the two FA factors were, respectively, 0.35, 0.16, 0.34 and 0.55, 0.51, 0.24, 0.37. The core and extended face FA factors for the left hemisphere were significantly related (r ¼ 0.36, p ¼ .000) but were independent for the right hemisphere (r ¼ 0.08, p ¼ .37) and, hence, more differentiated. Inter-hemispheric relationships of the latent variables representing structural connectivity were strong for the core face processing network factors (r ¼ 0.62, p ¼ .000) but relatively weak for the extended face network factors (r ¼ 0.13, p ¼ .018). When controlling for demographic variables, no significant age and family effects were found. But there was a significant gender effect on gFA (r ¼ 0.24, p ¼ .00), as well as extendedfaceFA_L (r ¼ 0.10, p ¼ .02) and corefaceFA_R (r ¼ À0.19, p ¼ .01).
Summarizing the results of the model series above, the third and fourth model best explained individual differences in white matter integrity of the face network as compared with whole-brain structural connectivity. In addition to a whole-brain FA factor, both best-fitting models include two face processing-related FA factors, differentiating structural connections within the core and extended face processing networks, respectively. As shown by Model 4, the distinction between the core and extended face network was clearest in the right hemisphere.
Connective strength across hemispheres
As a supplementary exploration to Model 4, in order to study the relationships between the left and right hemispheres, we computed the structural connective probability between symmetrical functional regions in the face network and calculated group averages, as shown in Fig. A1 of the Appendix. The results showed a general tendency that connections between inter-hemispheric core regions were comparably larger than between extended regions, which was especially evident for the early visual areas and the OFA at the occipital brain region. But there were also some weak links existed between core regions (e.g. fibres connected with the pSTS) and a stronger connection between bilateral IPS areas in the extended system.
Exploration of the pSTS-linked fibres in the face network
The connections were relatively weak between the pSTS and other ROIs, such as the FFA and OFA. But considering the special role of the pSTS in face cognition, we additionally conducted an analysis involving fibres linking with this region. Using similar steps as described in Model 1 to 4, we extracted an additional latent variable indicated by FFA-pSTS, OFA-pSTS and V1V2-pSTS. This latent variable was named as cor-efaceFA2 (see Fig. 5A ) because its indicators were another group of fibres connecting core functional regions serving facial information processing. The other two latent factors (i.e., corefaceFA1 and extendedfaceFA) were the same as in Fig. 4C . The model fit was good: χ 2 ð153Þ ¼ 595.30, p ¼ .000, CFI ¼ 0.96, RMSEA ¼ 0.05, SRMR ¼ 0.03. The first core factor, cor-efaceFA1, was independent from the second core factor (corefaceFA2, r ¼ 0.08, p ¼ .27) as well as the extended factor (extendedfaceFA, r ¼ À0.01, p ¼ .90), while the two factors corefaceFA2 and exten-dedfaceFA had a weak but significant relationship (r ¼ 0.13, p ¼ .00). Demographic variables did not influence the factorial solution of this model. However, the significant relationships between corefaceFA2 and extendedfaceFA was not further significant when adding the demographic control variables (r ¼ 0.13, p ¼ .10; but very similar effect size, see above). There was no age effect on any FA factor. Sex was found to predict gFA (r ¼ 0.24, p ¼ .00) and corefaceFA1 (r ¼ 0.32, p ¼ .00), with a small effect size.
Furthermore, we separated the left and right hemispheres for the face indicators in a follow-up model, displayed in Fig. 5B . The model fit was only satisfactory: χ 2 ð372Þ ¼ 1007.21, p ¼ .000, CFI ¼ 0.94, RMSEA ¼ 0.04, SRMR ¼ 0.04. However, the three-factorial structure was stable across hemispheres, with stronger independence of factors in the right hemisphere. For bilateral structural correlations, the fibre groups of FFA-OFA, FFA-V1V2 and OFA-pSTS was still the strongest (r ¼ 0.60, p ¼ .00), consistent with the results in Fig. 4D . The control of demographic variables neither changed the factor loading, nor correlation patterns between FA factors. No age effects were uncovered. The gFA factor was significantly predicted by sex (r ¼ 0.49, p ¼ .00). Besides, sex effects also emerged on corefaceFA1_R (r ¼ À0.36, p ¼ .05), corefaceFA2_R 
Discussion
Based on a large sample of high-quality imaging data, we used DTIbased probabilistic tractography to trace white matter fibres between functionally defined regions in the human face processing network. By investigating individual differences in white matter integrity within the face network, we found that the quality of face fibres can be only incompletely explained by a general whole-brain white matter integrity factor. Therefore, the structural specificity of a hierarchically organized face network had to be taken into account.
Step-wise statistical modeling was performed first for robust connections in the face network, leading to the distinction of two face processing factors in fibre integrity, corresponding to the core and extended systems in face processing suggested on the basis of functional data. A further exploration involving the weak pSTS links led to the emergence of a second specific core face factor, which was separate from the other two. The distinction between core and extended systems in fibre tract data was especially clear in the right hemisphere. With great statistical power, the present findings of white matter specificity within the face network confirm current notions of a functionally specialized face processing network andfor the first timeextend them to the level of structural fibre tract properties.
Structural specificity within the face network
White matter integrity of global fibre tracts as well as local face network fibres were only partially accounted for by a general FA factor.
In a study of Penke et al. (2012) , aiming to investigate the structural connectivity underlying fluid intelligence, the FA values of twelve major fibres were captured by an integrated factor. The current study extends their findings with additional white matter links between functionally defined face ROIs. These results suggest that both global major fibre bundles and white matter tracts in the specific face network are related with an individual's white matter integrity of the whole brain, which may be responsible for the commonly found shared functional properties between domain-general and domain-specific cognition, the positive manifold (see e.g. Bartholomew, 2004) .
Measurement models further revealed that all factor loadings for global fibres were larger than for the local face network-specific fibres. This may partly be due to the locations of the white matter tracts we investigated. Global fibres cross central areas of the brain, where white matter tracts are very dense and possibly more closely associated with the individual's fibre quality. Fasciculi in the face network connect occipital and temporal ROIs and are thus localized in more marginal areas. Therefore, these local fibres may be less reliably identified within individuals and less predictable by the general FA factor.
However, locational differences are actually not the key explanation for the factorial specificity based on our further tests. The major fibres (i.e. SLF, IFO and ILF) which were assumed to overlap with face fibres could not be explained by the same latent factor accounted for by the connections in the face network, reflecting their distinction in terms of individual differences. Interestingly, separate core and extended connectivity factors in the face network were statistically established on the basis of individual differences, indicating a substantial differentiation between these clusters of face fibres. This differentiation is at variance with the above explanation of the differentiation between global wholebrain and local face network fibres because the core and extended face networks are similarly localized, and FA was measured in similarly small brain regions. Thus, a more plausible explanation seems to be the functional and structural organization of the face processing network. Brain structures are the substrates for cognitive functions (Almeida and Lyons, 2017; . For example, effects of changes in brain fibres such as myelinization and axonal injury have been observed in vision (Etxeberria et al., 2016) , memory (Thomas et al., 2011) , and language (Friederici, 2015) . Topological studies on human brain networks also revealed inter-dependent relationships between anatomical and functional systems (Zhou et al., 2006; Bullmore and Sporns, 2009; Scherf et al., 2013; Wang et al., 2015) .
As described in the introduction, a system with two parallel pathways was proposed to functionally describe face processing in humans (Haxby et al., 2000; Gobbini and Haxby, 2007) . According to this model, the FFA and OFA, which belong to the core system, are involved in visual processing of invariant facial features. The pSTS region, as a separate branch of the core system, contributes to perception of changeable facial characters. Our first face-related FA factor (corefaceFA in Model 3) encompasses connections between FFA, OFA and the early visual regions (V1V2). Therefore, it is plausible to infer that the independent structural corefaceFA factor corresponds to the functional core system suggested by Haxby et al. (2000) .
After the initial processing within the core network, the neurofunctional model of face processing describes that further regions belonging to the extended network are recruited, including the ATL region. The ATL was reported to be involved in semantic and biographic information processing (Gobbini and Haxby, 2007) , as well as in the identification of individual faces. For instance, using fMRI, Kriegeskorte et al. (2007) investigated functional response patterns in FFA and ATL during face identification tasks. Results revealed a more pronounced activity in the right ATL during higher-level face identification, whereas the FFA was found to be involved in initial face detection. Additionally, psychometric studies dissociated face perception and face memory on the behavioral level. Face cognition was reported to correlate with the FFA and OFA (Kanwisher and Yovel, 2006) , whereas face memory was related with the ATL (Chiaravalloti and Glosser, 2004) . In the present work, fibres indicating the extended network FA factor (extendedfaceFA) all projected from the core ROIs to the ATL as part of the extended network, and thus can be inferred to relate with the higher-order face processing carried out by ROIs belonging to the extended face network. Potential explanations of nearby major fibres and fibre size on the modeling results testing face specificity were also excluded by additional tests.
When adding three more face fibres connecting to the pSTS region into the model, an additional FA factor could be extracted, which was specific for these connections. It was independent from the first core factor indicated by connections between the FFA, OFA and V1V2, but slightly related with the extended FA factor indicated by connections to the ATL region. With more sensitive activations to changeable features of faces, the superior temporal sulcus (STS) was reported to show a functional distinction from the lateral fusiform gyrus (Haxby et al., 2000) . This may support the general structural dissociation of face fibre groups in the core system from the functional level. The second core FA factor had a weak relationship with the extended factor, which was possibly due to their close spatial location or a common functional involvement in social-emotion recognition, i.e. emotion perception supported by the pSTS (Haxby et al., 2000) and emotion-related retrieval supported by the ATL (Olson et al., 2013) .
Taken together, we can therefore interpret the differentiation of white matter integrity features in the face network as a structural substrate to the hierarchical functional organization in facial information processing.
Lateralization of structural connectivity in the face network
In the face network, core and extended FA factors were extracted separately for both hemispheres. The two FA factors in the left hemisphere showed a strong relationship whereas in the right hemisphere, they were statistically independent of each other. The stronger differentiation of the FA factors in the right hemisphere not only corresponds to the reported right ATL prominence in fMRI tasks (Kriegeskorte et al., 2007; Nestor et al., 2008) but also suggests a neuroanatomical basis for the well-established right-hemispheric specialization more involved in non-verbal abilities including face cognition and emotion expression (Gilbert and Bakan, 1973; Uddin et al., 2005; Rangarajan et al., 2014; Badzakova-Trajkov et al., 2016) .
Previous work has also discussed the nature of hemispheric interplay, distinguishing between cooperation (intercalossal transfer) and competition (direct access) between hemispheres (Zaidel et al., 1990; Schweinberger et al., 1994; Greene and Zaidel, 2011) . In a recent work of face network, Kashyap et al. (2018) found a strong and consistent interhemispheric functional connection for the Fusiform Gyri (FG) but not for the ATL. In the present study, the bi-lateral FA factors emerging from the core and extended face network both showed significant interhemispheric correlations, with the core relationship being stronger. From the perspective of connective strength across hemispheres, the structural links between core regions, such as the V1V2 and OFA were comparatively stronger than for the extended regions. The information together indicates a greater consistency in covariations of fibre integrity at core regions compared with extended regions, which may provide a strong neuroanatomical basis for interhemispheric cooperation within the core system but less so at the level of the extended system.
In addition, hemispheric specialization and cooperation has been suggested to depend on the level of cognition, with specialization being more pronounced for face memory than face perception (e.g., Schweinberger et al., 1992) , and stronger interhemispheric cooperation for familiar than unfamiliar faces (Mohr et al., 2002) . Therefore, stronger relationship between bilateral core FA factors might also be due to their prominent role in face perception.
Effects of age, gender and family relationships
To generalize the modeling results, we controlled demographic influences on all FA factors. There are around 270 twin pairs in the HCP young adult dataset, but the existence of the family relationship did not change the model structure. Also, there was no influence from age difference probably due to the quite homogeneous age of our sample. Relationships emerged however with sex. Females generally displayed higher global white matter integrity than males. At the regional level, variations displayed among different fibre clusters. This is in line with the literature reporting that white matter integrity differed between men and women in different brain regions (Inano et al., 2011; Chou et al., 2011) . Therefore, the sex advantage on fibre integrity largely depends on which part of the brain is studied. Further explorations should be the matter of future research.
Limitations and perspectives
When tracing fibres in the face network, we used the overlap criterion to select fibres with bi-directional streamlines instead of a combination of fibres with thresholding like in global fibre tracing. The reason is that fibre connections in the face network differed greatly in orders of magnitude, which is unlike the ensured existence of concentrated global fibres where a unified thresholding can be used for all. The principle to depict global fibres is to capture streamlines passing through two specific anatomical ROIs in the middle of the tracts with further extension. While in the face network, fibres were detected for their existence first and then localized with a certain approach. In this case, due to quite different orders of magnitude in the number of fibre streamlines, we feel it difficult to find a balance between removing noise for stronger connections and keeping information for weaker connections. On the other hand, however, the overlapping protocol almost has the same effect in fibre selection as a low thresholding of combined fibres as we observed, suggesting that overlapping strategy may not be as conservative in practice as one might assume. But no matter what approaches were used, there is no fixed answer and the selection of methods is always an open question.
Future studies might extend the present analyses to other faceselective areas, especially for the extended system, such as amygdala in the subcortical brain region and to highly responsive areas in the frontal lobe. Additionally, further explorations of individual differences in functional connectivity and behavioral performance along with structural connectivity are necessary for a comprehensive view on the neural specialization in face processing. Processing speed, specific for faces compared with non-face objects under certain conditions (Hildebrandt et al., 2012; Liu et al., 2017; Cepuli c et al., 2018) , was significantly related with white matter integrity (Penke et al., 2010 (Penke et al., , 2012 . Therefore, it remains to be addressed in future studies how specific factors of structural connectivity relate with domain-general versus domain-specific performance speed. Apart from fractional anisotropy, connective probability is also a widely used parameter to study brain structural connection. However, it is not suitable for the SEM method because the very large variation of the connective probability over several orders of magnitudes. But further exploration might solve current issues of scaling in future research.
Conclusions
In summary, we investigated individual differences in the properties of brain white matter connections between a group of functionally defined face processing regions. Based on a large-scale high-quality dataset, we found that the individual differences in white matter integrity of local face fibres can be partially explained by a general fibre integrity factor with the global-level relationship being weaker. More importantly, for the comparably strong links in the face network, their white matter integrity was additionally accounted for by two specific and independent factors, one for fibres connecting ROIs in the core system of face processing, and the other for fibres linking the core ROIs with regions in the extended face processing system. Fibre connections to the pSTS region were relatively weak but also showed structural specificity. The discovered structural specificity is in accordance with the classic neurofunctional model of face processing and therefore suggests that structural connectivity provides an elementary substrate for functional specification. We also found a stronger differentiation of fibre integrity in the core and extended systems in the right than in the left hemisphere and stronger interhemispheric connections in the core than in the extended system, providing the structural basis for interhemispheric cooperation during face processing and hemispheric specialization of higher-order cognition. Demographic analyses revealed no influences from age and family relationship on the factorial structure, but slight effects from the sex difference.
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